Background The diagnosis of periprosthetic joint infection (PJI) continues to pose a challenge. While many diagnostic criteria have been proposed, a gold standard for diagnosis is lacking. Use of multiple diagnostic criteria within the joint arthroplasty community raises concerns in patient treatment and comparison of research pertaining to PJI. Questions/purposes We (1) determined the variation in existing diagnostic criteria, (2) compared the existing criteria to a proposed new set of criteria that incorporates aspirate cell count analysis, and (3) investigated the variations between the existing criteria and the proposed criteria.
Introduction
Periprosthetic joint infection (PJI) is one of the most challenging complications after total joint arthroplasty, with an incidence of 1% to 4% after primary TKA [8, 9, 27, 28] and 1% to 2% after primary THA [24, 31] . This complication poses challenges on many fronts, one of which is the difficulty in reaching a diagnosis [24, 26, 37] . There is currently no agreement on a gold standard for diagnosis of PJI [3] . Most studies that calculate the sensitivity, specificity, or accuracy of a given parameter in identifying PJI use intraoperative culture, histology results, or a combination of parameters as the reference criteria for diagnosing PJI [5, 25, 26, 30, 33, 35] .
Although fluid and tissue cultures have traditionally been considered the gold standard, false-positive and falsenegative results occur in 5% to 37% [1, 9, 16, 17, 19, 21] and 2% to 18% [2, 10, 11, 22, 36] of cases, respectively. Relying on isolation of an infecting organism thus cannot be considered a gold standard. Hence, a number of different diagnostic criteria are in use, most of which appear to provide a valuable guide for the evaluation of a patient with a failed joint. Although variation exists, the majority of them rely on the results of joint aspiration or deep tissue culture; serologic tests, namely erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP); and the appearance of the joint during surgery (with regard to presence of purulence); presence or absence of a sinus tract; and the result of histologic analysis of tissue obtained during surgery (frozen section) [5, 25, 26, 30, 33, 35] (Table 1) .
In recent years, there have been several studies demonstrating the value of joint fluid analysis with respect to white blood cell (WBC) count and polymorphonuclear neutrophil percentage (PMN%) [15, 18, 33] . Our institution has played a role in these investigations [13, 26] . Previous studies have observed aspirate WBC counts of 1100 to 3000 cells/lL and PMN% of 60% to 73% can be used with high accuracy (up to 99%) as thresholds for diagnosis of nonacute infection [3, 7, 18, 26, 33, 34] . It has also been observed these thresholds are markedly elevated in the acute postoperative period, with thresholds of 10,700 cells/ lL for synovial fluid WBC counts and 89% for PMN%, providing 92% accuracy in diagnosis of acute PJI [4] using the presence of gross purulent material or a positive culture as the gold standard for diagnosis of PJI. Taken together, these findings suggest incorporating synovial WBC and PMN% results into a set of diagnostic criteria may improve the strength of those criteria for diagnosing PJI. None of the present sets of diagnostic criteria for PJI (Table 1) incorporate joint aspirate WBC and PMN%.
We therefore (1) determined the variation in the present diagnostic criteria, (2) compared the existing criteria to a proposed new set of diagnostic criteria that incorporates joint aspirate cell count analysis, and (3) investigated the variations between the existing criteria and our proposed criteria.
Patients and Methods
We prospectively collected data on all 844 patients undergoing revision TKA at our institution between April 2002 and November 2009. The mean age was 65.1 years (range, 22-96 years) and the mean body mass index was 32.3 kg/m 2 (range, 17.7-58.7 kg/m 2 ). There were 345 men and 499 women. The etiology of the failure was determined by the treating surgeon based on clinical acumen and the results of various laboratory and imaging tests. However, while many patients did have an aspiration of the knee as part of their diagnostic treatment, joint aspiration was not routinely obtained. Of the 844 patients, 213 patients who underwent 228 resections or revisions of components with a bony interface had a preoperative joint aspiration that was sent for cell count and differential. Among the joint aspirations, 36 results were excluded as a result of the presence of crystals (10 revisions [4.4%; 10 of 228]) or clotted/degenerated cells (26 revisions [11.4%; 26 of 228]) in the aspirate. An additional 20 cases were excluded due to a lack of serology or culture results preventing a conclusive diagnosis from the proposed criteria. These exclusions left aspirate analysis for 172 revisions in 162 patients. Of these 172 revisions, the treating surgeon preoperatively determined 84 (48.8%) were failures secondary to PJI and 88 (51.2%) were failures secondary to an aseptic etiology. No patients were recalled specifically for this study; all data were obtained from medical records. We obtained prior Institutional Review Board approval.
We reviewed the literature on diagnosis of infection and identified numerous criteria that have been used for diagnosing PJI (Table 1) [5, 25, 26, 30, 33, 35] . We then applied each of these sets of diagnostic criteria to the patient cohort described above. Five of these criteria sets utilize histologic analysis in diagnosing PJI. However, our institution did not utilize frozen or permanent section in the workup of a suspected infection as its efficacy remains unproven [3] . Therefore, this cohort lacks the complete data necessary for definitive diagnosis with these five criteria sets. To remedy this, three analyses were performed. The first (Scenario A) assumed all histologic analyses to be negative, while the second (Scenario B) assumed all histologic analyses to be positive. The third (Scenario C) assumed histologic analysis to be inconclusive. This allowed for a direct comparison of the six criteria sets with the complete range of possible scenarios. In some cases, a definitive diagnosis could not be reached due to the lack of a single test. For example, Spangehl et al. [33] require three of five tests to be positive to diagnose PJI, one being preoperative culture. In some cases, the preoperative culture was unavailable while two of the remaining four tests were positive. This introduced a stalemate in which the diagnosis was indeterminate. These cases are reported; however, they were not included in the determination of agreement between criteria.
We utilized the same cohort in analysis of a new set of diagnostic criteria we propose here. Since no gold standard for diagnosis of PJI exists, to validate our new criteria set, we compared our cohort findings to the other criteria sets evaluated. Our proposed set of criteria diagnoses as positive based on any of the following three positive results: (1) Volume 469, Number 11, November 2011 Variation in PJI Diagnostic Criteria 3023 purulence observed intraoperatively, (2) draining sinus tract, or (3) positive culture on solid medium ( Fig. 1) . A common theme in developing a set of diagnostic standards for PJI has been the difficulty in defining a positive culture. This is evident in the varying definitions of a positive culture in the existing criteria ( Table 1 ). As the growth on culture is time, organism, and medium-dependent, it is difficult to develop a method for maximizing the identification of true pathogens and minimizing false-positives due to contamination [20, 29, 35] . To address this problem, we propose, as part of the new criteria, the following rules: positive cultures were defined as (1) at least one culture with ''light'' growth or greater on solid medium, (2) at least one culture with ''very light'' growth on solid medium and at least one other culture of the same organism in broth, or 
synovial WBC count, and (4) synovial PMN% ( Fig. 1 ). Thresholds for joint aspirate values were dependent on proximity to previous surgery. If the patient was within 6 weeks of a previous surgery (four cases in the present cohort), thresholds were set at 10,700 cells/lL or greater and 89% or greater for WBC count and PMN%, respectively. If they were further than 6 weeks from surgery, thresholds were set at 1760 cells/lL or greater and 73% or greater for WBC count and PMN%, respectively. The cutoffs used for WBC count and PMN% for both chronic and acute infections were based on our previous studies that included the use of receiver operating curve analysis [4, 24] .
In the comparison of our proposed criteria, any instances in which the diagnosis based on at least four of the published criteria sets (Scenario A, B, or C) disagreed with the diagnosis based on our proposed criteria led to further investigation. We performed a detailed chart review of these patients to identify previous treatments of the knee in question, course of treatment after revision, and any related comorbidities. The goal of this extended chart review was to provide a retrospective view of the patient in question to determine the likelihood of infection at the time of revision surgery.
Differences in diagnosis were assessed with a chi square analysis. Analysis was performed with SPSS 1 16.0 (SPSS Inc, Chicago, IL).
Results
The proportion of the cohort classified as infected or uninfected varied greatly depending on the criteria used to diagnose PJI. A large variation also existed dependent on the assigned outcome of frozen section ( Table 2 ). Of the five criteria sets that included histologic analysis, four had different outcomes from positive histology to negative histology. In all scenarios, Criteria Set 6 provided the lowest number of infected patients in all three histology categories, while Criteria Set 1 classified the most patients as infected. Agreement between each criteria set was also dependent on the histology outcome ( Table 3 ). The greatest agreement was observed when histology was inconclusive, providing 85 cases in which all the criteria without indeterminate cases were infected and 47 cases were uninfected. However, in this scenario, 152 cases had at least a single criteria set that was indeterminate. In 125, 88, and 41 cases, at least one criteria set diagnosed a case as infected while at least one other criteria set diagnosed the same case as uninfected for Scenarios A, B, and C, respectively.
The proposed criteria identified 92 cases as infected and 80 as aseptic. The sensitivity, specificity, and accuracy when using the results of each of the existing criteria sets as the gold standard varied widely (54%-100%, 39%-100%, and 53%-100%, respectively) ( Table 4 ). When using the only criteria set that did not include histology (Criteria Set 3) as the gold standard, the proposed criteria had a sensitivity of 100%, specificity of 92%, and accuracy of 96%.
We identified five cases diagnosed as infected by the proposed criteria and uninfected by at least four of the existing criteria sets. These five cases were culture-negative without purulence or sinus tract and deemed infected (Table 5 ). One had an irrigation and débridement for wound dehiscence and hematoma 2 weeks after revision. In this patient, after the revision being studied, the wound failed to close, a hematoma was encountered in the superficial and deep tissue, and necrotic tissue was encountered as well. However, no purulence was noted during the subsequent irrigation and débridement and cultures were negative. Another had mild postoperative drainage and systemic lupus erythematosus (SLE). The third had chronic renal failure. The fourth was characterized by coagulase-negative Staphylococcus growth in broth * Specificity could not be calculated for some criteria sets in scenarios that provide zero true-negative results because of the exclusion of the results due to indeterminate findings or because all results for these criteria sets in that scenario were positive. worked up for suspected acute postoperative infection, with negative results. This last patient had sickle cell anemia and had presented with an infarction of the knee, leading to component collapse before revision.
Discussion
A definite preoperative diagnosis of periprosthetic infection of a TKA is imperative for proper treatment and management, but it remains a difficult and elusive process because no single test can be used to identify infection. Culture may be affected by multiple factors, including administration of antibiotics [33] , formation of a biofilm [14, [35] [36] [37] , or the inability of standard growth media to isolate rare organisms, all of which could lead to falsenegative results; or by contamination, leading to falsepositive results. Serologic tests including ESR and CRP have been used as part of the preoperative evaluation for PJI, but their low specificity reduces their diagnostic value [11, 32, 33] . Numerous combinatorial methods for determining the likelihood of infection have been proposed and found useful in diagnosing PJI [5, 25, 26, 30, 35, 37] . The most commonly used diagnostic criteria take into account the presence of purulence or a draining sinus, serology, positive culture, and histologic analysis [5, 25, 33, 35] . We believe the combination of joint aspirate analysis and serology enhances the accuracy of the diagnosis. Our goals were to understand variations in the currently utilized diagnostic criteria and to incorporate synovial fluid WBC count and PMN% into a new set of diagnostic criteria. This study has a few shortcomings. First, our comparison of the existing diagnostic criteria is hindered because our institution did not perform histologic analysis as part of the workup for PJI. Five of the six criteria sets studied included histologic analysis as a criterion. This limitation was addressed by analyzing each of the criteria sets three times (assuming histology negative, positive, and inconclusive). Second, our criteria were not empirically derived. Although the thresholds we describe are reportedly individually valid thresholds for diagnosing PJI, we recognize the potential for combinatorial variability inherent in development of our diagnostic algorithm and slight variations in the implementation of our algorithm may lead to varying results. Third, despite the prospective collection of some data, we did not perform joint aspirate analysis in every patient as performance of joint aspiration was left to the discretion of the treating surgeon. Fourth, although prior studies have shown similar cutoff values for WBC count and PMN% in hips and knees [13, 18, 33, 35] , all patients in this cohort underwent revision TKA, and the results may not be generalizable to other joints. Fifth, WBC count and PMN% may not be reliable for a patient with inflammatory arthropathy, such as crystalline deposition disease or rheumatoid arthritis, because studies that determined the cutoff values for these parameters (as well as our study) excluded or separately analyzed this category of patients [18, 33] . Sixth, as has previously been reported [7] , in cases in which the cells in the aspirate are partially clotted or degenerate, reliable cell counts cannot be determined. We excluded these patients from our study and can make no comment on the applicability of our set of criteria in those cases. Finally, our study lacks a known and reliable gold standard for comparison in diagnosing PJI. Instead, we rely on previously published and widely used diagnostic criteria. While this is far from a gold standard definition of PJI, it is necessary to measure our proposed criteria against an existing standard and we could identify no better representation.
Substantial variation existed among the six existing diagnostic criteria sets studied. The variation in some diagnostic criteria when changing the histologic analysis displays the susceptibility of these criteria to falsepositive results. Of the five criteria sets employing histology, four had differences in diagnosis when changing histology result from positive to negative. The clinical practice guidelines recently issued by the American Academy of Orthopaedic Surgeons attempt to establish an algorithm for diagnosing PJI [23] . These guidelines dictate the use of frozen section only in cases where PJI has yet to be discounted or confirmed. The routine use of frozen section was not recommended due to its low sensitivity and high operator-dependent variability. The guidelines also note the inconsistency in definition of positive histology results, which is typically dependent on a neutrophil count per high-power field but is variable among the criteria studied here and the literature [3] . Large disparity exists among the existing criteria. Assuming positive histology, according to Criteria Set 1, all cases (172) would be septic while Criteria Set 6 diagnoses only 34 as septic. This trend is maintained despite changes in histology outcome. This finding is further displayed by the agreement of determinate results. Assuming inconclusive histology results (Scenario C), only 131 of 172 cases (76%) had complete agreement among the criteria sets that provided a conclusive result (determinate). This is the first known such analysis and provides the evidence that a consensus has not been achieved in diagnosis of PJI.
In an attempt to improve on the diagnostic accuracy for PJI, we developed a new set of diagnostic criteria that included synovial fluid cell count analysis, a factor not included in the other criteria considered. Eighty-seven cases were diagnosed as septic according to the proposed criteria due to positive culture or purulence. Five additional patients were defined as infected solely due to serology or synovial fluid analysis. When excluding indeterminate results due to inconclusive histology, the proposed criteria have 100% sensitivity and high specificity ([ 90%) when compared to the six previously published criteria sets and surgeon's judgment. Of note, specificity could not be calculated when using Criteria Set 1 and Criteria Set 4 as the reference, since all patients not conclusively septic were indeterminate (Table 4 ). Through our subsequent investigation of these ''false-positives,'' we argue the specificity of our criteria would be higher if measured against PJI, which lacks a true gold standard.
Of the five patients identified as infected by the proposed criteria but aseptic by at least four existing criteria sets, one remains on lifetime antibiotics, one underwent irrigation and débridement within 2 weeks of ''aseptic'' revision, one developed postoperative drainage suggestive of PJI, and the remaining patients presented with comorbidities justifying the elevated serology. We suggest two of the patients classified as aseptic by at least four of the existing criteria sets were truly infected and identified by the proposed criteria. While cultures were negative in the patient undergoing subsequent surgery, patients undergoing irrigation and débridement for an infected prosthesis at our institution, including this patient, are given perioperative antibiotics, which may have influenced the result of cultures. We believe this patient to have been infected and this patient continues to be treated as such. Comorbidities including sickle cell anemia, chronic renal failure, rheumatoid arthritis, and SLE may have led to increased appearance of infection in these patients [3, 6, 12, 23] . As such, we recommend, in cases in which a patient's serology and aspirate results are elevated, patient medical histories be carefully reviewed to determine whether the elevated levels are the result of an underlying pathology. Of course, the difficulty remains in the patients who present with symptoms that raise suspicion of PJI (ie, postoperative drainage or light bacterial growth) and underlying pathologies that justify elevated makers of PJI.
In conclusion, our observations demonstrate a large variation among the currently available diagnostic criteria. Our proposed set of criteria, which incorporates the combination of synovial fluid cell count analysis and serology tests, is 54% to 100% (mean, 94%) sensitive and 39% to 100% (mean: 81%) specific compared to these well-accepted criteria. Especially in the case of elevated ESR or CRP, we recommend the addition of synovial fluid WBC count and PMN% to the standard diagnostic criteria. It is expected these additions will prove useful for diagnosis in research, the postoperative setting, and pre-and intraoperative planning. Our findings underscore the desperate need for establishment and utilization of common diagnostic criteria for PJI to facilitate collaborative PJI research and the confident diagnosis of patients with a failed joint arthroplasty.
